Our group found that the treatment of embryos with histone deacetylase inhibitors (HDACi), including trichostatin A, Scriptaid, suberoylanilide hydroxamic acid, and oxamflatin, after cloning by somatic cell nuclear transfer (SCNT) resulted in significantly improved efficiency. Although many researchers have investigated the use of HDACi treatment to improve the quality of cloned mouse embryos, the mechanism underlying this treatment has not been completely understood. We believe that the effect of HDACi on embryonic gene activation (EGA) is important for normal development of cloned embryos. In the present study, using highly sensitive fluorescence in situ hybridization (FISH) with probes complementary to mouse rDNA, the effect of Scriptaid on the onset of rRNA synthesis was examined in cloned embryos. In addition, to determine how Scriptaid affects pre-rRNA processing machinery in SCNT embryos with activated rDNA transcription, functional nucleolar formation was analyzed in detail by combined assessment of rRNA synthesis and nucleolar protein allocation in preimplantation embryos. In this experiment, at least part of the rRNA localization by FISH was substituted by 5-bromouridine 5 0 -triphosphate staining after alpha-amanitin treatment. The results show that in the late 2-cell stage, a number of SCNT embryos initiated transcriptional activation while having one blastomere showing inactivated rRNA transcription and another blastomere showing activated rRNA transcription and despite both nuclei being in interphase. In addition, in some SCNT embryos, the same nuclei contained a mixture of inactively and actively transcribed rRNA, which was rarely observed in intracytoplasmic sperm injection embryos. This asynchronous transcription induced a delay of one cell cycle in SCNT embryo activation of functional nucleoli. Scriptaid can overcome this failure in the timely onset of embryonic gene transcription by activation of rRNA genes and promotion of nucleolar protein allocation during the early phase of EGA.
INTRODUCTION
Although cloning of mammals has been conducted successfully for the past decade [1] , the success rate is extremely low, particularly in mice [2] . Abnormal epigenetic modifications are thought to be one factor underlying the inefficient reprogramming of donor cell nuclei in ooplasm after somatic cell nuclear transfer (SCNT). Therefore, the prevention of epigenetic errors is expected to lead to an improved success rate in animal cloning. Recently, our laboratory [3, 4] and Rybouchkin et al. [5] reported that treatment of SCNTgenerated mouse embryos with trichostatin A (TSA), a histone deacetylase inhibitor (HDACi), improved the full-term development of B6D2F1-strain cloned mice and the rate at which nuclear transfer-generated embryonic stem (ntES) cell lines were established [3, 4] . Moreover, the treatment of SCNTgenerated embryos with Scriptaid, an HDACi with low toxicity that enhances transcriptional activity and protein expression in cells [6] , was shown to significantly enhance the cloning efficiency of inbred mouse strains [7] and miniature pigs [8] . In addition, two other HDACi, suberoylanilide hydroxamic acid and oxamflatin, were also found to significantly reduce the rate of apoptosis in blastocysts, improve the full-term development of cloned mice, and increase the establishment of ntES cell lines without leading to obvious abnormalities [9] .
Although many studies have investigated the effect of HDACi treatment on the quality of cloned mouse embryos, the mechanism underlying this treatment is not fully understood [10] . We recently found that TSA treatment caused an increase not only in histone acetylation but also in chromosome decondensation and levels of newly synthesized RNA (nascent RNA) in 2-cell cloned embryos [11] . In addition, Scriptaid treatment also resulted in enhanced nascent RNA production [7] and promoted the expression of eukaryotic translation initiation factor-4C (eIF-4C; official gene symbol, Eif1a) and imprinting gene Igf2r (insulin-like growth factor 2 receptor) at the 2-cell stage (Van Thuan et al., unpublished data). We found that a member of the transcriptional intermediary factor 1 family, TIF1b (official symbol TRIM28), was abnormally expressed in 2-cell SCNT-generated embryos when needed for major embryonic gene activation (EGA) and that Scriptaid treatment could overcome this problem, indicating that the effects of HDACi on EGA are very important for normal development of cloned embryos. Therefore, the effect of Scriptaid treatment on EGA in cloned embryos should be examined in more detail.
Embryonic gene activation has been considered to be important evidence of reprogramming, which transforms the genome from transcriptional quiescence at fertilization to robust transcriptional activity. Nuclear transfer (NT) studies indicate that the same events likely are involved when the oocyte/cytoplast initiates the reprogramming process. Reprogramming involves a series of molecular events that control gene expression and has a profound effect on nuclear architecture. Gene expression was shown to be silenced during the initial phases of reprogramming, which can be monitored by disassembly of the nucleolus [12] . Subsequently, a group of fundamental housekeeping genes, the rDNA, should overcome this silencing and be reactivated during EGA at a specific stage of embryonic development. In fertilized mouse embryos, rRNA synthesis remains downregulated in 1-cell and early 2-cell embryos, but it resumes in the middle of the second cell cycle, when newly synthesized rRNA is also observed [13, 14] . Concomitantly with the activation of RNA transcription, quiescent nucleolar precursor bodies (NPBs) ultrastructurally transform into active fibrillogranular nucleoli [15] [16] [17] . NPBs serve as a structural support for functional nucleolar formation in early embryos. Allocation of nucleolar proteins involved in rRNA synthesis (e.g., upstream binding factor [UBF]) and rRNA processing (e.g., fibrillarin and nucleophosmin/B23) to the developing nucleoli occurs during the ultrastructural transformation of NPBs.
Ultrastructural changes in nucleolar morphology and rRNA expression generally are completely repressed in SCNTgenerated embryos [18, 19] . In mice, embryonic activated genes are suppressed [20] [21] [22] , and nucleolar reactivation is delayed in SCNT-generated embryos [23] . Therefore, we aimed to elucidate the effect of Scriptaid treatment on EGA with the respect to 1) the arrangement of rRNA genes in relation to their transcriptional activity in cloned embryos using highly sensitive fluorescence in situ hybridization (FISH) with probes specific to mouse rDNA units and 2) reactivation of nucleolar protein and ribosomal genes using indirect immunofluorescent detection of proteins and 5-bromouridine 5 0 -triphosphate (BrUTP)-labeled nascent rRNA transcripts.
MATERIALS AND METHODS

Animals
B6D2F1 (C57BL/6J 3 DBA/2) mice were obtained at 8-10 wk of age from SLC and Orient Bio. Animals were handled according to the National Research Council's Guide for the Care and Use of Laboratory Animals. All animal experiments were approved and performed under the guidelines of the Institutional Committee of Laboratory Animal Experimentation of RIKEN Center for Developmental Biology and the Konkuk University Animal Care and Experimentation Committee (IACUC approval KU 10039).
Oocyte Collection
Female B6D2F1 mice were superovulated by the administration of 5 IU of equine chorionic gonadotropin followed 48 h later by 5 IU of human chorionic gonadotropin (hCG). Oocytes were collected from the oviducts about 16 h after hCG injection. After collection, cumulus cells were dispersed with 0.1% hyaluronidase (Sigma-Aldrich) in droplets of Hepes-buffered Chatot, Ziomek, Bavister (CZB) medium [24] . After several minutes, the oocytes were transferred to fresh droplets of Hepes with CZB and denuded of almost all cumulus cells by gentle pipetting. Denuded oocytes with homogeneous ooplasm were selected and resuspended in new droplets of KSOM medium (potassium simplex optimized medium with amino acids; Specialty Media) containing 1% bovine serum albumin (BSA; Sigma-Aldrich), covered with sterile paraffin oil (Nacalai Tesque). The oocytes were then cultured at 378C in a 5% CO 2 atmosphere until used.
Sperm Injection and NT
Fertilized embryos were produced using intracytoplasmic sperm injection (ICSI). Sperm heads were injected into the oocytes as described elsewhere [25] , except that the present experiments were performed at room temperature. Briefly, after washing, the sperm heads were separated from the tails by subjecting the head-tail junction to a few pulses using a piezo-actuated micromanipulator system (Prime Tech). Only the sperm head was injected into each oocyte. After 10-20 min of recovery, the ICSI-generated embryos were cultured in KSOM at 378C in a 5% CO 2 atmosphere for preimplantation development.
Cumulus cell donor NT was performed as described elsewhere [2] . The constructs were activated with 5 mM SrCl 2 in Ca 2þ -free CZB medium with 5 lg/ml of cytochalasin B for 6 h. Following activation and cytochalasin B treatment, they were washed and cultured in KSOM medium under 5% CO 2 in humidified air at 378C.
To inhibit histone deacetylase, 250 nM Scriptaid was added to the activation media for 6 h. Oocytes were then washed and transferred to KSOM containing 250 nM Scriptaid for 4 h [7] . Following complete washing, zygotes were cultured to permit development. For early 2-cell, middle 2-cell, late 2-cell, 4-cell, 8-cell, and morula/blastocyst stages, embryos were cultured until 18, 24, 32, 48, 62, and 84 h, respectively, after sperm injection or activation.
Preparation of Embryo Spreads for In Situ Hybridization
Air-dried spreads of embryos were prepared according to a previously described procedure [26] . Briefly, embryos were incubated in a drop of 1.93% citric acid trisodium and 0.56% KCl (3:1 v/v) in double-distilled water at 48C for 5-10 min, and then a cold fixative solution was prepared (a mixture of methanol and glacial acetic acid, 3:1 v/v). Embryos were transferred into the cold (08C-48C) fixative solution in a 96-well dish and held at 48C for 5-10 min. Embryos were spread on a cleaned slide by addition of a drop of softening solution A (methanol and 75% acetic acid in double-distilled water, 1:1 v/v) followed by one drop of softening solution B (methanol and glacial acetic acid, 1:1 v/v). When the softening solution began to dry, the standard fixative was dropped on the slide to complete fixation.
Ribosomal DNA Hybridization Probes
The original pMr974, pMr100, and pMr3 0 Eco plasmids containing fragments derived from various regions of mouse rDNA units were kindly provided by Dr. I. Grummt (German Cancer Research Center, Heidelberg, Germany) and described previously [26] . The rDNA fragments were subcloned into pBluescript II KS vector (Stratagene), purified with the Wizard DNA Purification System (Promega), and labeled with digoxigenin-UTP using the Nick Translation Kit (Roche) following the manufacturer's recommendations. Probe 1, a 13.7-kb EcoRI-EcoRI fragment, comprised parts of the nontranscribed spacer (NTS), the 5 0 external transcribed spacer (ETS), and the majority of the 18S sequence (residuals À8048 to þ5652 relative to the transcription start site). Probe 2, a 6.6-kb EcoRI-EcoRI fragment, comprised a part of the 18S sequence, the internal transcribed spacers (ITS1 and ITS2), the 5.8S sequence, and the majority of the 28S sequence (residuals þ5646 to þ12 252). Probe 3, a 4.4-kb EcoRI-EcoRI fragment, was complementary to a minor part of the 28S sequence, the 3 0 ETS, and a short NTS sequence (residuals þ12 235 to þ16 535). A mixture of these three probes was used for FISH.
Fluorescence In Situ Hybridization
Embryo spreads were pretreated with 100 lg/ml of RNase A (Roche) in 23 SSC (0.3 M NaCl and 0.03 M sodium acetate, pH 7.4) at 378C for 1 h in moist chambers and then washed twice in 23 SSC for 10 min each in glass bottles. Embryo spreads were exposed to 0.01% pepsin (Sigma) in 0.01 HCl (pH 2) for 5 min at room temperature. After washing in PBS (137 mM NaCl, 2.7 mM KCl, 6.7 mM Na 2 HPO 4 , and 1.5 mM KH 2 PO 4 ; pH 7.3), embryos were fixed with 3.7% paraformaldehyde in PBS for 10 min at room temperature. Embryo spreads were then washed twice in 23 SSC for 10 min each in glass bottles and pretreated in prehybridization buffer (500 ng/ml of carrier salmon sperm DNA [Sigma], 500 ng/ml of tRNA [Sigma] , 10% dextran sulfate, and 50% deionized formamide [Sigma] in 23 SSC). Hybridization buffer (10 ll) containing 10-25 lg of rDNA probe(s) was placed on each spread and covered with an 18-3 18-mm coverslip. Denaturation of the target rDNA sequences and rDNA probe(s) was carried out simultaneously at 858C for 10 min. The slides were subsequently transferred to moist chambers at 378C for 12-14 h. Embryo spreads were washed with 50% formamide in 43 SSC at 428C, then with 23 SSC at room temperature, and then incubated with rhodamine-conjugated sheep anti-digoxigenin antibodies (diluted 1:20 in PBS containing 0.05% Tween 20 and 5% nonfat dry milk; Roche) followed by incubation with Alexa Flour 568-labeled rabbit anti-sheep immunoglobulins (1:100 dilution; Molecular Probes, Inc.) in a moist chamber for 1 h. Embryo spreads were then washed twice in 23 SSC for 10 min each in glass bottles and stained with 2 lg/ml of 4,6-diamidino-2-phenylindole (DAPI; Molecular Probes). Following washing, the embryo spreads were mounted in Vectashield mounting medium (Vector Laboratories, ROLE OF HDACi IN SOMATIC CELL REPROGRAMMING Inc.) and observed using an epifluorescence microscope (Olympus Optical Co.) using 1003 (NA 1.4) objectives with oil-immersion.
Incorporation of BrUTP into Embryos and Detection of New Transcripts
Based on the method described by Debey's group [14, 27] , ribosomal RNA synthesis was monitored by microinjection of BrUTP and a-amanitin into the cytoplasmic embryos. Because a-amanitin inhibits RNA polymerases II and III but not RNA polymerase I, the BrUTP-labeled transcripts in this case indicated nascent rRNA gene transcription. In 2-cell embryos, microinjection into one blastomere has been reported not to diffuse into the second blastomere; thus, both blastomeres must be microinjected for them to both incorporate BrUTP. However, we were successful in incorporating BrUTP into embryos by electrical permeabilization [7, 11] . Therefore, in the present study, rRNA synthesis was assessed using this method.
Each group of embryos (n , 20) was washed twice in electrical permeabilization (EP) medium (0.25 M D-glucose, 100 lM CaCl 2 Á2H 2 O, 100 lM MgSO 4 , 0.1% polyvinylpyrrolidone) and 5 lg/ml of a-amanitin (SigmaAldrich) and, finally, in one change of transcription buffer (EP þ 10 mM BrUTP; Sigma-Aldrich). Embryos were then transferred into a chamber between electrodes overlaid with a 20-ll droplet of transcription buffer. Two 80-lsec electric pulses at a direct current of 250 V/cm were triggered from an Electro Cell Fusion apparatus (model LF101L; Bex Co. Ltd.) with a 2-min interval between pulses. Two minutes after permeabilization, embryos were further cultured in CZB medium and 5 lg/ml of a-amanitin for 1 h under the same conditions as above. Next, embryos were washed twice in Ca 2þ -free, Mg 2þ -free Dulbecco PBS containing 0.1% polyvinyl alcohol (PBS-PVA; Sigma), then fixed for 40 min in PBS-PVA with 4% paraformaldehyde. Following this, the fixed embryos were washed twice in PBS-PVA and stored overnight at 48C in PBS supplemented with 3% BSA (PBS-BSA; Sigma) and 0.1% Triton X-100 (Nacalai Tesque, Inc.). The new transcripts incorporating BrUTP were detected by indirect immunofluorescence (see below).
Immunofluorescence for Detection of BrUTP and Nucleolar Proteins
The embryos were incubated for 2 h with double labeling in a mixture of mouse monoclonal anti-BrdU (6 lg/ml; Roche Diagnostics GmbH) and one of the following antibodies: rabbit polyclonal anti-UBF (1:100 dilution; Santa Cruz Biotechnology, Inc.), rabbit polyclonal anti-fibrillarin (1:100 dilution; Abcam), and rabbit polyclonal anti-nucleophosmin (B23; 1:100 dilution; Cell Signaling Technology, Inc.). After the embryos were washed twice in PBS-BSA, they were incubated for 1 h in the mixture of Alexa Fluor 488-labeled chicken anti-rabbit immunoglobulin (Ig) G and Alexa Fluor 568-labeled goat anti-mouse IgG as the conjugated second antibodies (1:200 dilution; Molecular Probes, Inc.). After three 10-min washes in PBS-BSA, the DNA was stained for 30 min with 2 lg/ml of DAPI. After the embryos were washed thoroughly, they were mounted on slides using Vectashield mounting medium and observed with a Fluoview FV 1000 confocal scanning laser microscope (Olympus) using 603 (NA 1.4) objectives with oil immersion.
Fluorescence intensities of nuclei were measured by manually outlining all nuclei in the display as described by Bui et al. [28] . The process of fixation and the staining of samples were performed in 96-well culture dishes (Scienceproducts), and the samples were transferred to subsequent treatments by mouth pipette.
Statistical Analysis
Each experiment was repeated at least three times. More than 1000 embryos were used for analysis of rRNA and nucleolar protein. For FISH, rDNA was analyzed in 256 embryos (94 for ICSI and 162 for SCNT), and for immunofluorescence to detect BrUTP, nucleolar proteins were analyzed in 800 embryos (300 for ICSI and 500 for SCNT).The data were normalized by arcsine transformation for each replication. The transformed values were analyzed using one-way ANOVA, with P , 0.05 considered to be statistically significant.
RESULTS
Scriptaid Promotes Onset of rRNA Synthesis in Cloned Embryos
Previously, we showed that HDACi treatment enhances levels of newly synthesized RNA in cloned 2-cell embryos [7, 11] . To elucidate the effect of HDACi treatment on transcriptional activity in more detail, the impact of Scriptaid on the onset of rRNA synthesis was examined in cloned embryos using highly sensitive FISH with probes complementary to mouse rDNA.
The general arrangement of rDNA strictly relates to rRNA gene transcription status in fertilized mouse embryos, where rDNA transcription resumes in the middle of the second cell cycle [14, 26] . Therefore, early and late 2-cell embryos were used to study the general arrangement of rDNA units in ICSI and SCNT embryos. In early 2-cell ICSI embryos, in which rRNA transcription was inactivated, rDNA was organized into relatively small, distinct, and compact clusters coincident with, or located in close proximity to, NPBs (Fig. 1A) . These NPBs were visible due to the higher local chromatin concentration at their surface. In some cases, NPBs did not interact with rDNA (Fig. 1A, asterisks) .
In late 2-cell ICSI embryos, in which rRNA transcription was activated, rDNA clusters became more dispersed and less dense. Similarly, a portion of NPBs lacked contact with rDNA (Fig. 1B, asterisks) . The loosely packed clusters were composed of numerous small, fluorescent foci (Fig. 1B,  arrows) . This finding supports observations of rDNA localization in transcriptionally active somatic cells, in which rDNA transcription is also accompanied by structural relaxation and augmentation of the number of rDNA foci [29, 30] .
It is suggested that C57BL/6J inbred mice contain four nucleolar organizing region-bearing chromosomes per haploid set [31] and that F 1 (C57BL/6J 3 CBA/Ca hybrid) embryos contain seven rDNA clusters in diploid metaphase chromosome (three rDNA from paternal CBA/Ca mice) [26] . Similarity, we usually found five to seven rDNA in each blastomere nucleus in embryos. Therefore, the nuclei containing five or more activated rDNA were classified as competent transcription and those containing four or fewer as silent transcription (Fig. 1, C-E) .
All embryos (ICSI-generated, NT without Scriptaid [NTScr], and NT with Scriptaid [NTþScr]) demonstrated silent transcription at the early 2-cell stage (Table 1) . When embryos reached the late 2-cell stage, the competent transcription embryos accounted for 91% of the ICSI group but only 5% of the NT-Scr group. The competent transcription embryos increased to 24% under the effect of Scriptaid treatment in the NTþScr group (Table 1) . Asymmetric transcription at the 2-cell stage has been reported previously in SCNT embryos but not in ICSI mouse embryos [11] . Similarly, in the present study, although both nuclei of late 2-cell SCNT embryos were in interphase, in some instances one blastomere demonstrated inactivated rRNA transcription and the other blastomere demonstrated activated rRNA transcription. Interestingly, the number of late 2-cell SCNT embryos showing asymmetric expression of nascent rRNA was reduced significantly in the Scriptaid-treated group compared with the untreated group (15% vs. 34%).
Because of processing for FISH, embryos become air-dried when spread on a slide. In some case, these images, as shown in Figure 1 , may have overlapped with the period of rDNA transcription. Next, incorporation of BrUTP into embryos was used for detection of rRNA. In this method, embryos were mounted on slides, and by using serial confocal microscopy sections from the top to the bottom of the nuclei, we can count exactly number of rRNA and clarify transcriptional expression.
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Scriptaid Promotes Normal Onset of EGA Concomitant with Nucleolar Reactivation in Cloned Embryos
To determine how the organization of pre-rRNA processing machinery differed in both ICSI-generated and in Scriptaidtreated (NTþScr) and untreated (NT-Scr) SCNT embryos over the course of rDNA transcriptional activation, functional nucleolar assembly was analyzed in detail by combined assessment of rRNA synthesis and nucleolar protein allocation at the early 2-cell, late 2-cell, 4-cell, 8-cell, and morula/ blastocyst stages. Activation of rRNA genes was classified according to BrUTP signal incorporation. Nuclei categorized as transcriptionally inactive contained condensed BrUTP signals, which appeared as small, distinct clusters (Fig. 2 , Aa and Ab). Conversely, nuclei categorized as transcriptionally active contained less condensed BrUTP signals, which appeared as discrete spots associated with the NPB surface or as more extended threads emanating from NPBs to the nucleoplasm (Fig. 2 , Ac and Ad). Serial confocal images clearly showed that nascent rRNA transcripts were not associated with all NPBs. The reinitiation of rRNA transcription occurs at the surface of NPBs, which are not equal in their ability to support recruitment of rRNA transcription. These rRNA-free NPBs were present in nuclei demonstrating either inactivated or activated rRNA in both ICSI-generated and SCNT embryos ( Fig. 2A, asterisks) . Early 2-cell stage. BrUTP incorporation revealed inactivated rRNA transcription with condensed rRNA in all nuclei (ICSI, NTþScr, and NT-Scr) at the early 2-cell embryo stage (Fig. 2Bb) . In ICSI embryos, UBF was detected weakly in small foci in the cytoplasm, some of them near NPBs (Fig.   3Ab ). Fibrillarin was detected in numerous small foci located at the periphery of NPBs (Fig. 3Bb) , and nucleophosmin was diffusely distributed in nucleoplasm (Fig. 4 , Ad and Bd). No differences in localization of these proteins were observed across the ICSI, NT-Scr, and NTþScr groups ( Table 2) .
Middle 2-cell stage. Most nuclei still displayed inactivated rRNA transcription at this stage. In the ICSI group, few BrUTP-labeled embryos (17%) displayed decondensed rRNA consistent with the onset of rRNA transcription (Fig. 2Bf) . Activated rRNA transcription could not be detected in the NTScr and NTþScr groups ( Table 2) .
FIG. 2.
Expression of rRNA and nucleolar proteins at the early, middle, and late 2-cell stages (18, 24 , and 32 h, respectively, after sperm injection or activation). Embryos selected at the indicated times were labeled with BrUTP in the presence of a-amanitin as described in Materials and Methods and then collected for the detection of BrUTP-labeled RNA transcripts using immunofluorescence microscopy. The images demonstrate rRNA in red and DNA counterstained with DAPI in blue. A) Expression of transcriptional activity in typical pattern at 2-cell embryos. a and b) Nucleus of an early 2-cell embryo indicates inactivated rRNA with BrUTP signals condensed into small distinct clusters. c and d) Nucleus of a late 2-cell embryo indicates activated rRNA with decondensed BrUTP signals seen as discrete spots associated with NPB surfaces or more extended threads emanating from NPBs into the nucleoplasm (asterisks indicate rRNA-free NPBs). B) Distribution of UBF, fibrillarin, B23, and rRNA transcription sites in inactivated rRNA, inactivated and activated rRNA, and activated rRNA. Embryos were double-immunolabeled for rRNA transcripts (red) and nucleolar proteins (green). The nuclei indicate inactivated rRNA (b) or activated rRNA transcription (f) as described in Results. The mixture of transcriptional inactivity and activity in the same nucleus indicates inactivated and activated rRNA transcription. Bar ¼ 10 lm .   FIG. 3 . Distribution of nucleolar proteins in early 2-cell, late 2-cell, and 4-cell embryos (18, 32 , and 48 h, respectively, after sperm injection or activation). Nucleolar proteins appear in green and DNA counterstaining with DAPI in false red. A) Embryos were labeled for UBF. In the early 2-cell stage with inactivated rRNA transcription (a-c), UBF was detected weakly in small cytoplasmic foci, some of them near NPBs (arrows). At the late 2-cell and 4-cell stages (with activated rRNA transcription; d-f and gi, respectively), UBF emerged to form large foci around NPBs. B) Embryos were labeled for fibrillarin. At the early 2-cell stage (inactivated rRNA transcription; a-c), fibrillarin was detected in numerous small foci located at the periphery of NPBs. At the late 2-cell and 4-cell stages (activated rRNA transcription; d-f and g-i, respectively), fibrillarin demonstrated a complex distribution with accumulation and migration around NPBs. Bar ¼ 10 lm.
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In ICSI embryos, accumulation and migration of nucleolar proteins was observed around NPBs. Some embryos demonstrated UBF emergence to form large foci near NPBs (19%) ( Table 2 and Fig. 3Ae) , and numerous embryos showed a complex distribution with the emergence and migration of fibrillarin around NPBs (71%) ( Table 2 and Fig. 3Be ). Some embryos also demonstrated B23 migration and association around NPBs (24%) ( Table 2 and Fig. 4Af ). Most SCNT embryos showed nucleolar protein localization similar to that at the early 2-cell stage (Table 2) . Scriptaid treatment did not affect the accumulation or migration of nucleolar proteins in the area of NPBs at this stage.
Late 2-cell stage. The activation of rRNA transcription was observed in 90% of ICSI embryos but only 2% of embryos in the NT-Scr group. Scriptaid treatment increased the number of embryos showing transcriptional activation to 21% (Table 2) . Interestingly, a mixture of transcriptional inactivity and activity was found in the same nuclei (asynchronous transcription (Fig.  2Bd) in the NT group (21% for NT-Scr and 18% for NTþScr) ( Table 2) , whereas this pattern was found in only 4% of ICSI embryos. In the ICSI-generated group, concomitant with the activation of rRNA, most embryos showed nucleolar protein accumulation and migration into and around NPBs (UBF, 76%; fibrillarin, 98%; B23, 96%) ( Table 2 ). However, in the NT-Scr group, only some embryos demonstrated this pattern (UBF, 20%; fibrillarin, 18%; B23, 14%) ( Table 2 ). This number was significantly increased by Scriptaid treatment (UBF, 43%; fibrillarin, 51%; B23, 36%) ( Table 2) .
Four-cell stage. In the ICSI group, successful allocation of nucleolar proteins with accumulation and migration around   FIG. 4 . Distribution of nucleophosmin in ICSI-generated embryos (A) and SCNT embryos (B) during preimplantation. Embryos in pronucleus, early 2-cell, late 2-cell, 4-cell, 8-cell, and morula/blastocyst stages (6, 18, 32, 48, 62 , and 84 h, respectively, after sperm injection or activation) were immunostained to detect nucleophosmin (B23). At the early 2-cell stage, B23 was diffusely distributed in nucleoplasm in both of ICSI-generated and SCNT embryos (Ad and Bd). In ICSI-generated embryos at the late 2-cell stage, accumulation and migration of B23 around NPBs was observed (Af), whereas this pattern was found at the 4-cell stage in SCNT embryos (Bh). Finally, after the 4-cell stage, all embryos successfully formed a functional nucleolus with accumulation and migration of B23 into and around NPBs in both the ICSI-generated and SCNT groups. Bar ¼ 10 lm.
ROLE OF HDACi IN SOMATIC CELL REPROGRAMMING
NPBs and activation of rRNA transcription was observed in all embryos at the 4-cell stage. In the NT group, the labeling of all proteins occurred in conjunction with accumulation and migration around NPBs (in NT-Scr embryos: UBF, 72%; fibrillarin, 83%; B23, 78%; in NTþScr embryos: UBF, 89%; fibrillarin, 95%; B23, 90%) (Figs. 3 and 4 and Table 2 ). Slightly lower expression of B23 was observed in SCNT compare with ICSI embryos at the 4-cell stage, and expression become similar at the 8-cell stage in all groups. Because no significant difference was found, the typical pattern of SCNT at the 4-cell stage is shown in Figure 4Bh . Asynchronous transcription was observed in a high percentage of SCNT embryos, but it was not observed in ICSI-generated embryos at this stage (Table 2) . Interestingly, the number of SCNT embryos showing asynchronous expression of nascent rRNA was significantly reduced in the Scriptaidtreated group (NTþScr) compared with the nontreated group (NT-Scr) at the 4-cell stage (16% vs. 37%).
Eight-cell to blastocyst stages. All embryos (ICSIgenerated, NT-Scr, and NTþScr) successfully formed functional nucleoli with accumulation and migration of nucleolar proteins around NPBs (see Fig. 4 for B23). The assembly of functional nucleoli in cloned embryos at the 4-cell stage suggested successful reprogramming and recapitulation of embryonic development. However, in comparison to ICSIgenerated embryos, activation of rRNA transcription and nucleolar protein allocation in cloned embryos were delayed by one cell cycle. This finding suggests the existence of a temporary problem during EGA in cloned embryos.
DISCUSSION
The most significant finding of the present study is that a number of SCNT embryos initiated transcriptional activation with a mixture of inactivated and activated rRNA in nuclei in the same embryo at the late 2-cell stage, during which EGA occurs. In addition, during this stage in SCNT embryos, the same nuclei contained a mixture of inactively and actively transcribed rRNA, which was observed rarely in ICSI embryos. This induced activation of functional nucleoli was delayed by one cell cycle in SCNT embryos compared with ICSI embryos, and Scriptaid promoted normal onset of EGA concomitant with nucleolar reactivation in cloned mouse embryos.
For successful activation of the embryonic genome to occur and be maintained, the embryo must be able to establish a functional, transcriptionally active nucleolus with the components required to initiate nucleologenesis, rRNA transcription, and ribosome formation. Transcriptional activation of rDNA is chronologically related to the morphological development of nucleoli in blastomeres, making this event particularly well suited for monitoring the normality of EGA. Therefore, nucleolar assembly in early embryos represents a unique model for assessing EGA in embryos. General transcriptional activity in fertilized mouse embryos has already been observed at the early 2-cell stage. Subsequently, activation of rDNA transcription has been found to initiate at the late 2-cell stage, concomitant with the development of active nucleolar components [14, 32] . Using BrUTP-labeled RNA, we previously demonstrated that Scriptaid enhanced levels of newly synthesized RNA in 2-cell NT embryos [7] . In the present study, using highly sensitive FISH with probes directed against mouse rDNA, Scriptaid was clearly demonstrated to significantly increase the number of late 2-cell NT embryos with competently transcribed rRNA. Our results demonstrated that the initiation of embryonic transcription activation in SCNT mouse embryos was asynchronous and delayed. This clear difference between ICSI and SCNT embryos regarding the activation of the embryonic genome indicates that cellcycle regulation is an important parameter for improving SCNT embryos. The mixture of somatic cytoplasm and nucleoplasm with enucleated ooplasm during SCNT allows interactions between proteins, RNAs, and other factors from two different origins. These interactions may also influence nucleolar elements and their behavior. The nucleolus requires a panel of proteins to drive transcription and subsequent processing of rRNA and to acquire a number of specific functions. In fertilized mouse embryos, UBF is detected at the first cell-cycle stage. UBF is one of several transcription factors that are essential for the binding of RNA polymerase I to rDNA in the embryo, thereby activating transcription [33] . Fibrillarin, which is involved in early processing of the transcripts, was reported to act as a genome activation marker in mice [34] , rabbits [35, 36] , and cows [37] . Nucleophosmin is involved in late rRNA processing of the transcripts and ribosome subunit formation [38] as well as in the shuttling of proteins into the nucleolus [39] . In accordance with these functions, ICSI-generated embryos were shown to display rRNA activation at the late 2-cell stage in parallel with initial nucleolar localization of UBF, fibrillarin, and B23 for development into functional nucleoli.
The aberrant expression of nucleolar proteins causes abnormal nucleologenesis in SCNT embryos [40] . Initial nucleolar assembly was reported to be delayed in mouse [23] and monkey [41] SCNT embryos. Indeed, the initiation of ribosomal RNA synthesis in early embryos is associated with characteristic changes in nucleolar architecture that, to a large extent, reflect genome activity. The present study showed that in most SCNT embryos, protein allocation to the nucleolus occurred concomitantly with activation of rRNA transcription at the 4-cell stage, which corresponds to a delay of one cell cycle compared with ICSI embryos. In addition, we observed abnormal SCNT embryos showing asymmetric expression of newly synthesized rRNA at the late 2-cell stage, and in some case, each nucleus contained a mixture of inactively and actively transcribed rRNA during EGA. However, the assembly of functional nucleoli depends on de novo synthesized embryonic transcripts, which are produced during the initial phases of EGA [42] . Therefore, the suppression of zygotically activated genes in mouse SCNT-generated embryos may be involved in the delay of nucleolar protein allocation. Interestingly, Scriptaid promoted nucleolar protein allocation in SCNT embryos. Taken together, these findings suggest that HDACi treatment of mouse SCNTgenerated embryos promotes the onset of EGA to relieve the incompetence of enucleated oocytes to efficiently direct the recapitulation of early embryonic stage-specific gene expression. Therefore, Scriptaid promoted normal EGA to overcome the delayed activation of nucleolar function in SCNT-generated embryos. Moreover, transformation of inactive nucleolar precursors into active nucleoli offers a special opportunity to assess embryonic transcriptional activation, development of nucleolar components, and targeting of key proteins. This finding indicates that Scriptaid not only is involved in activation of nucleolar functions but also promotes protein targeting and functional activation and may significantly influence de novo nucleolar assembly.
Studies regarding the effect of HDACi treatment on mouse SCNT-generated embryos have demonstrated that TSA increased the transcription levels of Erv4 (murine endogenous retrovirus) and Eif1a, genes active during zygotic gene activation [43] , Scriptaid also increased levels of Eif1a and Igf2r expression at the 2-cell stage (Van Thuan et al., unpublished data), and both Scriptaid and TSA enhanced levels of nascent RNA production in 2-cell SCNT embryos [7, 11] . Besides that, porcine SCNT-generated embryos treated with TSA also showed a significantly higher expression of Igf2r than that of nontreated embryos at the 2-cell stage [44] . It is known that the Igf2r genes are involved in fetal growth regulation and are essential for normal development [45] . In addition, a 2-cell fertilized mouse embryo treated with TSA preferentially stimulated HDAC1 accumulation, whereas no apparent effect on either HDAC2 or HDAC3 expression was found after a 6 h treatment [46] . HDAC1 has been implicated as candidate gene involved in genome activation [47] . Because of its relevance at the EGA, the expression of the above genes is thought to be involved in genome activation of HDACitreated embryos. In the present study, we demonstrated that Scriptaid treatment induces the normal onset of rRNA synthesis and promotes nucleolar reactivation in SCNT embryos. Based on the previous findings and our present results, we propose that the effect of HDACi treatment on SCNT embryos was as follow: First, HDACi increased histone acetylation and chromosome decondensation in 1-cell treated SCNT embryos. This increased histone acetylation was probably associated with a more effective formation of DNA replication complexes and promoted DNA replication in SCNT embryos at this stage [11] . Besides that, the increased chromosome decondensation promoted the recruitment of transcription factors to chromatin and resulted in increase transcriptional activity in 2-cell SCNT embryos and the expression of some genes essential for activation of embryonic genes. The increased transcriptional activity promoted onset of rRNA synthesis concomitant with nucleolar reactivation, which is key factors for successful activation of the embryonic genome in treated SCNT embryos.
Because cloned embryos have been suggested to display a pronounced deficiency in the reprogramming of embryonic stage-specific genes and fail to faithfully recapitulate the early pattern of embryonic gene expression [20] [21] [22] , we believed that HDACi treatment affected EGA in SCNT-generated cloned embryos to support a more accurate regulation of embryonic development. In addition, it is indicated that the transcription of rRNA serves as a marker for EGA and coincides with a dramatic increase in nucleolar gene activation in mice [48] , bovines [49] , and pigs [50] . Therefore, the effect of HDACi on rDNA transcription is imposed by improving full-term development of cloned embryos.
In conclusion, our findings suggest that Scriptaid can overcome failure in the timely onset of embryonic gene transcription that may result from SCNT processing via ribosomal RNA gene activation and promotion of nucleolar protein allocation during the early phase of EGA. We demonstrate that rDNA transcription is a useful marker for monitoring the activation of embryonic genes, a crucial event of early embryonic development.
